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Molecular aggregateid membrane formed with dipalmitoylphosphatidylcholine and containing a
xanthophyll pigment lutein was studied by both the Monte Carlo simulation and UV-Vis absorption
spectroscopy. The simulations were based on ten-state Pink model. The proposed model consisted of two
monolayers represented by a two-dimensional triangular lattice with vacancies. The orientation and
aggregation state of lutein, obtained from the analysis of the spectroscopic measurements, were used to
calibrate intermolecular interactions in the model. In accordance with the experimental data, the model
allows two orientations of lutein molecules: one spanning the membrane and the other parallel to its plane.
The inﬂuence of the intermolecular interactions on the main phase transition as well as on the aggregation of
lutein molecules is discussed. The analysis of the model enables us to learn about molecular mechanisms that
govern the effects of lutein on the membrane properties as well as the effects of the lipid matrix on lutein
organization in the membrane. A concept is discussed according to which increasing domination of parallel
lutein orientation, observed at high temperatures, can protect the membrane against penetration by water
molecules and reactive oxygen species and against loss of the membrane compactness, especially in the
regions of oxidized acyl chains.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThe lipid bilayer is a highly specialized host required for the
majority of biological processes [1–7]. In plant and animalmembranes,
carotenoids and, in particular, xanthophylls play several physiological
functions [2,8–11]. Carotenoids may be present in biological mem-
branes in the form of pigment–protein complexes or as direct compo-
nents of the lipid phase [2,12–14].
Lutein (LUT) — the primary carotenoid present in the central area
of the retina of an eye, called themacula, appears to be associatedwith
the protection against age-related macular degeneration (the leading
cause of blindness in older adults). It may also act as a ﬁlter of
potentially damaging short-wavelength radiation [15].
The localization, orientation and aggregation state of carotenoids
being the minor constituents of membranes often determine the
biological activity of the lipid bilayers [1,2,5,14,16,17]. On the other
hand, the lipid effect on the carotenoid organization and aggregationne; LUT, lutein; LUT⊥, lutein
el to the surface of the lipid
lski).
l rights reserved.limits the biological activity of the pigment. Studies with awell-deﬁned
lipid system can aim at elucidating its structural and dynamic properties
aswell as the inﬂuence of the carotenoid pigments on lipidmembranes.
Many studies have been carried out on the chainmelting transition
which converts the lipid bilayer from an ordered gel into a more
dynamic ﬂuid state [1,17–21]. It has been shown that carotenoids may
act as modulators of the membrane phase transition. They inﬂuence
the main phase transition temperature (Tm), ﬂuidity, polarity and
permeability. Therefore, carotenoids inﬂuence the membrane-related
physiological processes [2,6,22–25]. The action of carotenoids inﬂu-
ences the cooperativity of the lipid phase transitions [26]. It is gen-
erally concluded that carotenoids ﬂuidize the membrane in the gel
phase and rigidify it in the liquid crystalline phase [2,27–32]. The
evidence of the dynamic lipid domain structure has encouraged
discussion on the biological relevance of phase changes of composi-
tional or additive origin [5,33–35]. The effects seen from the use of
polar carotenoids have been found to be much bigger than the effects
seen from the use of non-polar pigments.
Much data has been obtained for lutein in lipid membranes from
experiments carried out using different model systems and various
techniques.
Lutein has been found to interact with lipid bilayers formed
from different phospholipids as dimyristoylphosphatidylcholine [36],
Fig.1. Typical absorption spectra ofmonomeric and aggregated formof LUT.M-monomeric
form in ethanol (98%), A1— aggregated form in ethanol/H2Omixture (1:9, v:v), recorded at
20 °C; A2 — aggregated form in the same solvent mixture recorded at 45 °C. Characteristic
maxima indicated.
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line [15]. The presence of LUT inﬂuences the physical state of lipids as
there is a strong interaction between the rigid carotenoid molecules
and the alkyl chains of lipid molecules, most probably owing to the
van der Waals attraction [37]. The presence of LUT in the membranes
has been found to decrease the cooperativity of the main DPPC phase
transition. LUT does not considerably affect the temperature of the
main phase transition (c.a. 0.3 °C at 5 mol%), although it has a
signiﬁcant effect on the pre-transition phase (shift c.a. 3 °C) [2,38]. It
has been previously shown that dihydroxycarotenoids increase the
order, decrease the motional freedom and decrease the ﬂexibility
gradient of the alkyl chains of lipids [39].
The aggregation of LUT in DPPC membranes has been reported
even at a relatively low concentration of the pigment in the lipid phase
(1–5 mol%, [17]). It has been found that the aggregation state of the
carotenoid molecules strictly depend on the physical state of the lipid
membrane as well as the pigment concentration. The existence of LUT
in different molecular forms such as dimmers, tetramers or large
aggregates has been proposed based on the analysis of the absorbance
spectra of LUT in DPPC membranes [2,14,17].
The interaction of different molecules with model lipid membranes
has been the subject of many theoretical studies. The Monte Carlo
method was used to explore the organization of cholesterol in lipid
membranes [40], amphiphilic counterions [41], anaesthetics [42], insec-
ticides [43], peptides and proteins [44,45], surfactants [46] and carot-
enoids [47]. The inﬂuence of antibiotics [48] and carotenoids [31] on
lipid membranes was investigated by molecular dynamics simulation.
Molecular dynamics facilitates the study of the system at an atomic
level but the technique itself has signiﬁcant limitations according to
the time and length scale of the considered process. Cooperative
phenomena, such as the phase transition, diffusion of lipids within a
membrane or aggregation of membrane modiﬁers are much beyond
the nanosecond and nanometer range which can be investigated by
molecular dynamics (although the method is being applied increas-
ingly to wider time and space). Therefore other approaches such as
statistical or mesoscopic ones are widely used to study these
biologically relevant processes. The mesoscopic model used in this
study operates with atoms grouped into effective particles, e.g. lipid
molecule is considered as a system of a head and acyl chain, LUT
molecule is composed of two heads separated by a rigid chromophore.
Such an approximation allows simulating long-time membrane
processes. Mesoscopic approaches of a lipid membrane often neglect
the interactions unimportant to the investigated processes. The dipole
structure of lipid heads is studied in detail by Kubica [49], whereas we
focus mainly on van der Waals interactions between acyl chains,
describing interactions in the hydrophilic part of a membrane (except
for hydrogen bonds) by an average surface tension. The lattice model
based on the Monte Carlo method of a lipid membrane containing
zeaxanthin has been reported previously [47]. A similar model is
exploited in the present study to investigate aggregation of LUT in the
lipid membrane undergoing the main phase transition (and not other
transitions). Parameters of intermolecular interactions were adjusted
to the results obtained from the spectroscopic measurements.
2. Materials and experimental methods
Multibilayers composed of 100 or 200 bilayers were formed on a glass support from
the previously prepared liposome solution with DPPC and LUT at a molar concentration
5 mol% according to the procedure described previously [15,36]. The absorption spectra
were recorded with a Shimadzu 160A-PC spectrophotometer with and without using
polarizing ﬁlters. The temperature was stabilized and controlled by the heater with the
aid of a thermocouple attached directly to the sample glass support. The temperature
accuracy was ±0.5 °C. The measurement chamber of the spectrometer was ﬁlled with
water vapours in order to assure binding of water molecules to the lipid layers required
for changing the organization of the pigment when the temperature changed. DPPC is
an amphiphilic molecule which, under natural conditions, can associate 2–3 molecules
of water [50,51] allowing the lipid membrane to undergo a phase transition.
The spectra of LUT in organic solvents were used to calculate the fractions of LUT in
monomeric and aggregated form. Fig. 1 shows the typical spectra of LUT in such forms.Monomeric LUT displays the spectral features typical of themajority of carotenoids. The
absorbance peak centered at 474 nm is the longest wave absorption feature of
monomeric form (M), while the peak positioned at the wavelength of c.a. 380 nm
represents the aggregate (A1, A2— Fig. 1). As seen from Fig. 1 LUT can form various types
of aggregate characterized by a different extinction coefﬁcient. The process of
aggregation is temperature-dependent.
Absorbance (Abs) of the sample can be represented by a superposition of the
absorbance values of the component fractions of LUT in aggregated and monomeric
forms (concentrations CA and CM, respectively). The extinction coefﬁcient values at
wavelengths of 474 nm (εM) and of 375 or 385 nm (εA), depending on the type of the
aggregate observed in the spectrum measured, were chosen as a reference for the
monomeric and aggregated state. The Eqs. (1) and (2), corresponding to the absorption
maxima of the forms, have been applied to calculate the concentration of each fraction.
Abs k1ð Þ = ek1A CAX + ek1M C−CAð ÞX ð1Þ
Abs k2ð Þ = ek2A C−CMð ÞX + ek2MCMX ð2Þ
The corresponding extinction coefﬁcients (in M−1 cm−1) assigned from the experi-
ment were as follows:
εA
k1=0.97×105 at T≤35 °C (at k1 = 375 nm), εAk1 = 1.13×105 at T N 35 °C (at k1 = 385 nm),
εM
k1 = 0.102×105 at T≤35 °C (at k1 = 375 nm), εM
k1 = 0.336×105 at T N 35 °C (at k1 = 385 nm),
εAk2 = 0.97×105, and εM
k2 = 1.28×105 for all the temperatures (at k2 = 474 nm).
The optical path length X has been calculated on the basis of the DPPC bilayer
thickness measured previously [36] as 61 and 59 nm for DPPC bilayers, at the tempera-
tures below and above the Tm, respectively.
The concentration of LUT in the sample C (in M) is constant during the experiment.
It allows us to evaluate the absorbance level which would be observed in the case if only
one spectral form exists (monomeric or aggregated). The sum of the concentration
values CA+CM obtained from the calculations differs from C by not more than 5%, which
indicates that the small fraction of LUT exists in the molecular form other than mono-
mer or large aggregate (e.g. dimer).
It has been assumed in the calculations that LUT exists exclusively in twomolecular
forms: monomer or aggregate, therefore the total concentration CA+CM (expressed as
the % of pool of LUT) was normalized to 100%. After the calculation of the values of CA
and CM, each of the values has been normalized by the factor 100% / (CA+CM).
The mean orientation of LUT was calculated according to the protocol described in
detail previously [16].
The speciﬁc heat versus temperature for the pure or LUT-containing lipid
membrane obtained from the computer simulation has been subjected to deconvolu-
tionwith Gaussian–Lorentzian (G-L) components (0.5G+0.5L). The same settings of the
components have been used to ﬁt the data for pure DPPC as well as the membrane
containing LUT.
3. Results and discussion
3.1. Experimental data
Fig. 2 shows the exemplary absorption spectra of 5 mol% of LUT
incorporated into the DPPC multibilayers deposited on a glass support
measured at the temperatures of 25, 35 and 45 °C. The spectrum of
Table 1
Fractions of aggregates and monomers of LUT incorporated into DPPC oriented
multibilayers at the concentration of 5 mol%
Temperature [°C] % Aggregates % Monomers
25 62.4 37.6
30 59.3 40.7
32 57.5 42.5
35 59.8 40.2
37 58.5 41.5
39 54.6 45.4
41 51.9 48.1
43 48.8 51.2
45 46.6 53.4
47 45.7 54.3
Fig. 2. Selected absorption spectra of DPPC multilayer, composed of 100 bilayers,
containing 5mol% of LUT, deposited to glass support, recorded at different temperatures,
indicated. Non-pigmented DPPC multilayer recorded as a control.
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towards longer wavelengths with respect to the spectrum recorded in
ethanol. The spectrum of aggregate form of LUT in DPPC shows the
same maximum positions as the spectra recorded in hydrated organic
solvents. As seen from the spectra, when the temperature rises LUT is
subjected to a gradual process of monomerisation.
Fig. 2 shows that at temperatures below the Tm, LUT exists mainly in
aggregated form, which is manifested by a shift of the main absorption
spectra towards shorter wavelengths, indicative of formation of H-type
molecular structures, named also card-pack aggregates [52–54]. The
main absorptionband (the0–0 transition at ca. 453nm,ν = 22075 cm−1)
is shifted owing to the molecular aggregation by approx. 65 nm and at
the temperature of 20 °C it appears at 385 nm (25 974 cm−1). At the
temperature of 45 °C the spectrum shifts even more towards shorter
wavelengths,with themaximumappearing at ca. 374 nm(26737 cm−1).
Such a phenomenon can be explained in terms of formation of at least
two types of aggregates differing in the intermolecular distance. At the
temperatures close to the pre-transition (∼35 °C), LUT forms at least two
different types of aggregates, while above the Tm, only the aggregate is
formed characterized by shorter wavelength maximum. Additionally,
LUT undergoes the process of monomerisation reported previously, as
observed on liposomes containing LUT [17]. At the temperatures above
the Tm the shortest wavelength aggregate is formed,with themaximum
centered at 374 nm. In the case of liposomes containing LUT such a
considerable shift towards short wavelengths was not observed, as well
as for the spectra of LUT crystals on a quartz slide [55].
According to Kasha's theory of excitonic interactions [52,54] the
absorption maximum of the molecular complex composed of N
molecules can be shifted in relation to the main absorption maxima as
depicted in the following dependency [56]:
m Nð Þ = mmon + 2b cos mpN + 1
 
; ð3Þ
where
b =
jAmonj2
4peon2R3
cos a−3 cosH1 cosH2ð Þ: ð4Þ
b is a dipole–dipole coupling matrix element (in cm−1), μmon — the
electronic dipole transition moment of the monomer, R— the distance
between the centers of interacting dipole transitionmoments, α— the
angle between the transition dipoles, Θ1 and Θ2 — the angles between
the transition dipoles and the line between the chromophore centers
(tilt angle), ɛo is the permeativity of a free space and m is the number
of the excitonic energy level (m = 1,…,N). Under the assumption thatthe LUT molecules forming an aggregate are parallel to each other, the
coefﬁcient β can be expressed as:
b =
jAmonj2
4peon2R3
1−3 cos 2H
 
: ð5Þ
2b calculated from the position of the 0–0 transition of monomer and
the position of the maximum of the absorption band of the large
aggregate, for the aggregates formed at different temperatures, are as
follows: 2β1 = 4877 cm−1 at 20 °C, and 2β2 = 5570 cm− 1 at 45 °C.
Assuming that the molecular aggregates differ exclusively by the
distance betweenmolecules one arrives to the conclusion that at 45 °C
the corresponding molecular distance between LUT molecules in the
aggregate equals R2 = 0.957R1, where R1 corresponds to the distance
between LUT molecules in the aggregated state observed at 20 °C.
The results of the calculation of the fractions of LUT present as
monomers or as the aggregates are shown in Table 1.
The method used for the calculation of fractions of LUT in
monomeric or aggregated state, based on the analysis of absorption
spectra, assumes the presence of molecules either as monomer or in
the form of large aggregates and gives no information about other
possible molecular forms, such as dimers. On the other hand, the
presence of a certain fraction of aggregated structures built with a
small number of molecules, characterized by smaller spectral shifts,
does not considerably affect the evaluation based on intensity of the
absorption band most-shifted towards shorter wavelengths.
Application of the above described procedure of the superposition
of the spectra of aggregated and monomeric forms gives accurate
levels of monomeric and aggregated fractions only. Therefore the
estimation of the levels of other spectral forms, such as dimers, was
subjected to study with application of the Monte Carlo simulation.
The angle between the LUT transition dipole moment and the axis
normal to the plane of the lipid membrane has been determined for
the lamellar ordered phase of DPPC membranes (Lβ), and above the
main phase transition, in the liquid crystal phase (Lα). It expresses a
carotenoid orientation with respect to the membrane owing to the
fact that the direction of the transition dipole of polyenes is close to
the axis deﬁned by the conjugated double bond system [16,57,58]. The
exemplary absorption spectra of the ﬂat DPPC sample containing
5mol% of LUT, recorded at 35 °C, on the glass support, with the electric
vector of the incident beam polarized parallel (||) or perpendicular (⊥)
with respect to the plane of incidence deﬁned by the directions of the
incident beam and the axis normal to the plane of the sample,
measured at three different orientations of the sample are presented
in Fig. 3.
As the spectra of LUT in DPPC at the temperatures close to the DPPC
pre-transition demonstrate the existence of two types of aggregates,
the orientation of an aggregate has been calculated for thewavelength
of 385 nm at the temperatures between 20 and 35 °C and at the
wavelength of 375 at the temperatures between 40 and 45 °C, the
orientation of a monomer has been calculated for the wavelength of
Fig. 4. Themodel of the lipid membrane applied in simulations. Each site of the lattice is
occupied by an acyl chain of a lipid molecule (represented by a wavy line) or by a LUT
molecule (rigid rod), or remains vacant. LUT molecules are assumed to exist exclusively
in one of the two apparent positions: one spanning the membrane (referred to as
perpendicular or LUT⊥) and the other, parallel to the membrane plane (LUT||).
Table 2
Mean orientation angle (±SD) of LUT incorporated into DPPC oriented multibilayers at
the concentration of 5 mol%, present as a monomer (M) and aggregate (A), determined
at different temperatures
Temperature [°C] M [°] A [°] M ⊥ [%] M || [%] A ⊥ [%] A || [%]
20 57±8a 36±4 45 55 100 0
25 52±4 37±4 58 42 100 0
30 48±8 32±3 68 32 100 0
33 57±3 29±3 45 55 100 0
35 54b 30±2 53 47 100 0
40 54b 54b 53 47 53 47
43 62±4 47±4 34 66 71 29
45 60±4 51±4 38 62 61 39
Fractions of LUT molecules spanning the membrane (⊥) and positioned in the plane of
the membrane (||) are shown.
a Reported previously in [15].
b The magic angle of 54° may represent a homogenous distribution of dipole
moments.
Fig. 3. The exemplary absorption spectra of the DPPC multilayer, consisting of 200
bilayers, containing 5mol% of LUT, deposited to glass support, recorded with the electric
vector of the incident beam polarized parallel (||) or perpendicular (⊥) with respect to
the plane of incidence deﬁned by the directions of the incident beam and the axis
normal to the plane of the sample. The spectra recorded at three different orientations
of the sample are presented, characterized by an angle between the axis normal to the
plane of the sample and the direction of the incident beam (0, 30, and 45°, as indicated).
Spectra have been recorded at 45 °C.
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the fractions of aggregate and monomer described previously. The
data obtained from the calculation of LUT molecule orientation are
shown in Table 2.
The orientation angle of LUT in the aggregated state (at the
temperature range 20–35 °C, determined at the wavelength of c.a.
385 nm corresponding to the large aggregate) is similar to the
orientation of monomeric zeaxanthin (36°±4° [15]), which indicates
that the LUT aggregates span the lipid membrane.
The orientation angle determined for LUT monomers (at 474 nm)
at the temperatures below the Tm is close to that reported previously
(57±8° at 20 °C) [15]. Such a result was formerly interpreted in terms
of the existence of two different pools of LUT in the membrane: one
spanning themembrane (referred to as LUT⊥) and the other parallel to
the plane of the membrane (referred to as LUT||).
As seen from Table 2, at the temperatures close to the Tm, the
measured orientation angles are bigger, which in the case of the
monomeric form can be interpreted as a bigger number of molecules
oriented parallel to the membrane surface. The orientation of 52° mayalso correspond to two fractions of LUT: one (58%) spanning the
membrane under the angle of c.a. 36° and the second (42%) oriented
parallel to the plane of the membrane. In the case of the aggregated
form the interpretation is more difﬁcult because formation of any kind
of aggregate results in creation of a rigid structure that is not able to
easily change the position from perpendicular to parallel. One should
rather incline to assume that such a rigid structure is anchored on
both sides of the lipid membrane, although the existence of small
aggregates oriented parallel to the plane of the membrane cannot be
excluded.
3.2. The model of the lipid membrane and the method of calculation
The numerical calculations were based on the ten-state Pinkmodel
of the lipid membrane [59,60], which has been very successful in
describing phase transition both of the pure and additive-containing
lipid membrane (cholesterol or proteins). The presented model of the
lipid membrane is composed of two lipid monolayers, each repre-
sented by a two-dimensional triangular lattice (Fig. 4) consisting of
100×100 sites (the periodic boundary conditions were applied). Each
site of the lattice is occupied by an acyl chain of a lipid molecule, by a
LUT molecule, or remains vacant. The interactions between the
opposite lipid monolayers in the bilayer are mediated only by the LUT
molecules, which were assumed to locate within the membrane
exclusively in one of the two apparent positions: one spanning the
membrane (referred to perpendicular or LUT⊥) with each polar end
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the plane of the membrane, with polar ends bound to the same head
group layer (referred to parallel or LUT||) (see Fig. 4). It has been
suggested that this latter position, not observed for zeaxanthin, is
possible due to the rotational freedom of the entire ɛ ring of the LUT
molecule around the C6′–C7′ bond [15]. The hydrogen bonds can be
formed between LUT hydroxyl groups and the lipid carbonyl groups,
in one or two lipid monolayers (Fig. 5).
In the model, the LUT⊥ molecule occupies two lattice sites,
belonging to upper and lower monolayer. The LUT|| molecule requires
ﬁve lattice sites locatedwithin onemonolayer which is conditioned by
the dimension (length) of the LUT molecule [37].
The concentration of LUTmolecules is conserved in the model. The
number of LUTmolecules NLUT can be expressed in terms of LUTmolar
concentration cm (in mol %), the number of sites in the lattice Ns and
the number of vacancies Nv:
NLUT =
cm 2Ns−Nvð Þ
200 + 1:5cm
: ð6Þ
The lateral movements of the LUT molecules are permitted by the
Kawasaki-type dynamic processes of the nearest neighbour exchanges
between LUT molecules and lipid acyl chains [61]. To enable the
change in the LUT molecule's orientation from the perpendicular to
parallel one, four extra vacant lattice sites are required in one of the
monolayers. The inverse translocation of a LUT molecule, from the
parallel orientation in a given monolayer to the perpendicular one,Fig. 5. The simpliﬁed scheme of the possible hydrogen bonds between hydroxyl groups of LUT
LUT molecules are also shown.produces four new vacancies in the monolayer occupied previously by
the LUT|| molecule and reduces the number of vacancies by one in the
opposite monolayer. In the proposed model a small fraction of the
lattice sites (5%, i.e. 1000 sites) are initially left vacant, but, as an
assumption, the single vacancies, having null surface area, do not form
pores. The acyl chains or LUT molecules separated by one vacancy
interact with the same energy as in the case of being the nearest
neighbours, while the molecules separated by two vacancies do not
interact. Vacancies are displaced every ﬁfth MCS/S (Monte Carlo step/
site) in the procedure of the exchange with the nearest neighbouring
acyl chains.
The procedure of relocation of LUT molecules comprises parallel
displacements in all possible directions in the lattice as well as
rotations of single LUT|| molecule around its center and around its
ends. Dislocations of LUT|| dimerswithout splitting to singlemolecules
as well as parallel displacements and rotations around the ends of
dimers are allowed. LUT⊥ dimers can also change their positionwithin
the lattice. Parallel dislocations as well as rotations around each
component of the dimer are permitted.
Dislocations of LUT molecules comprise changes of LUT orientation
in the model membrane from perpendicular to parallel one and
inversely. The former movement follows the procedure of searching
for vacancies in the closest neighbourhood in the randomly chosen
monolayer. The vacancies found in the vicinity of a LUT⊥ are translocated
to form a rectangular vacant place suitable for the molecule rotated to
parallel orientation. The direction of the new parallel position in the
lattice is chosen randomly.(at 3 and 3′ positions) and the lipid ester carbonyl groups. The hydrogen bonds between
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perpendicular orientation are allowed (without splitting to compo-
nents). The probability of the process of changing position from
perpendicular to parallel is very low because of the requirement of the
existence of 8 nearby vacancies at the same time.
The procedure of dislocation of LUT molecules consists of the
following steps:
1. Scanning of the lattice. On encountering LUT molecule all the
allowed dislocations are considered.
2. For each dislocation the change of the energy ΔE of the membrane
is calculated.
3. The dislocation characterized by the lowest energy is submitted to
the procedure of acceptance: if ΔE≤0 the dislocation is accepted,
otherwise, it is accepted on the condition that exp(− ΔE / kBT) N ξ,
where ξ ∈ 〈0,1〉 is a random number, kB signs the Boltzmann
constant and T is the temperature in K.
Each of the lipid chains can exist in one of ten states: the all-trans
ground state (the 1-st state); eight intermediate states (2,…,9), which
are low-energy excitations of the all-trans state or the 10-th high-
energy “melted” state characteristic of the high-temperature ﬂuid
phase. The states numbered 2–9 characterize the high-temperature
gel phase. The state of the chain α is described by the surface area Aα,
conformational energy Eα and degeneracy Dα, [60]. The LUT⊥ mole-
cule is characterized by AL8 = 3:0 10−19m2 [37], EL8 = 0 and DL8 = 1,
while LUT|| molecules have the following attributes: AL jj= 3:1
10−19m2; EL jj= 0 and DI jj= 1.
At the start of the simulation the whole pool of LUT molecules was
divided into two equal parts, one oriented perpendicularly to the
membrane surface, the other posited parallel. The initial conﬁguration
of the states of acyl chains as well as the distribution of LUT molecules
was chosen randomly. A parameter obtained is assumed as equili-
brated when, as a function of MCS/S, it does not reveal inclination (the
low bias criterion). Due to different periods of oscillations of the
parameter, the inclination was estimated by the rule of the lower bias
of the regression line ﬁtted to the last 5000 and 10 000 MCS/S in the
dependency between the parameter and the number of MCS/S (Fig. 6).
If the change in the parameter value over described range of MCS/S
expressed as the percentage of the average value was smaller than
±20% or ±10% for 5000 or 10 000 MCS/S respectively, the value was
recorded as equilibrated. In the performed simulations more than halfFig. 6. The exemplary evaluation of thermodynamic equilibrium for LUT⊥ monomer
percentage. The bias of linear regression line (dashed line) ﬁtted to the last 10 000MCS/S
(3.9×10−4% /MCS/S) is lower than the bias of the regression ﬁtted to the last 5000MCS/S
(continuous line, 6.9×10−4% / MCS/S). The change in the parameter of LUT⊥ monomer
percentage over the last 10000 MCS/S expressed as the percentage of the average value
(20.34%) is equal to 3:910
−410000
20:34 100k = 19:2k. Because the change is smaller than 20%
(or ±10% from the average), the value of 20.34% was assumed as equilibrated. If the bias
for the last 5000 MCS/S is lower, then the criterion of ±20% was required.of the parameters fulﬁl two-fold more rigorous criterion i.e. ±10% and
±5%. The exception was the percentage of LUT dimers due to a very
low amount of LUT in such a molecular form.
Our analysis shows that in the simulations there were no
differences in the parameters obtained as based on averaging over
the last (5000 or 10 000) MCS/S or the last accepted MCS/S. Owing to
this, we refer in the text only to the last MCS/S.
The Hamiltonian of the system of the interacting particles is the
principal part of the model. The energy of interaction of two adjacent
species depends on the states of these species. In addition, we
hypothesize that this energy depends also on an average (not local)
order parameter of the lipid matrix. The approach in which the LUT⊥–
LUT⊥ interaction energy depends on the local order parameter of
surrounding lipid matrix was also tested (not shown). In such a case
the positive feedback was observed upon the increase in the tem-
perature. The temperature increase does not lead to melting of lipids
in the vicinity of LUT⊥ aggregate because the melting would weaken
the LUT⊥–LUT⊥ interaction. The apparent rigidifying of the lipid
matrix results in the stronger attraction between LUT⊥molecules and,
in consequence, their aggregation. The aggregation reduces the area of
the weakened interaction between acyl chains (see discussion below),
which causes a further rigidifying effect. As a result, the signiﬁcant
increase in the Tm is observed in the LUT-modiﬁed membranes, which
does not correspond to the experimental thermograms [38]. The ex-
pression of the interaction energy as a direct function of temperature,
when the exact Tm was not explicitly known from the experimental
data, was not possible. Therefore, the intermolecular interactions
are assumed to be dependent on the average order parameter of
acyl chains, which is a function of temperature. Such an approach is
supported by the fact that the amount of water penetrating the
membrane, dependent on the average order parameter, inﬂuences
the intermolecular interactions within the membrane. In general,
the LUT-acyl chain and the chain–chain interactions in the model
(inﬂuenced by the average order parameter) depend mainly on the
chain conformations.
The Hamiltonian of the model of each of the two lipid monolayers
is the sum of seven components:
H =H1 +H2 +H3 +H4 +H5 +H6 +H7: ð7Þ
The ﬁrst component represents a single-chain contribution:
H1 =
XN
i = 1
X10;L8 ;L jj
a
EaLai; ð8Þ
where N is the number of sites in a monolayer; Lαi = 1, when the chain
i is in the state α, otherwise Lαi = 0. The index α represents the acyl
chain state (values from 1 to 10) or the orientation of the LUTmolecule
in the given site of the lattice. L⊥ and L|| refer to LUT⊥ and LUT||,
respectively.
The second contribution, H2, describes the interactions of the
neighbouring acyl chains.
H2 = −
J0
2
XN
i; j = 1
X10
a;b = 1
wllVaVhSaShLiaLjh; ð9Þ
where J0 is the energy of the van der Waals interaction between two
acyl chains in all-trans conformations. The J0 was adjusted to obtain
the value of Tm of pure DPPC bilayer at 41 °C.
Va =w A1=Aað Þ−5=4 and Vb =w A1=Ahð Þ−5=4: ð10Þ
The factor w amounts to 0.4 if α (or β) indicates the 10th (ﬂuid)
state of a chain because in that case the interaction of acyl chains in
the ﬂuid state is weaker as compared to the one resulting from the
product VαVβSαSβ. In any other state w = 1 [60].
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approximated as described in [60]:
Sa = 1:8A1A−1a −0:8: ð11Þ
The factor wll is assumed to be 1 when the interacting chains
(when no LUT⊥molecule in the vicinity) are the nearest neighbours or
when they are separated by one vacancy. In the case of LUT⊥ presence
in the nearest vicinity of the acyl chains, the factor wll determines the
weakening effect of LUT⊥ molecule on the van der Waals attraction
between lipid chains (model postulate). A ﬂexible acyl chain probably
adjusts its orientation to adjacent rigid LUT⊥moleculewhich results in
the decrease in the energy of the system. The acyl chain adapted to the
LUT⊥ molecule axis may be nonparallel to the neighbouring acyl
chains, which results in weakening of the van der Waals attraction.
The factor wll is postulated to be dependent on the average order
parameter of acyl chains Sav:
wll = 0:187 + 0:597
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1−Sav
p
; ð12Þ
when at least one of the interacting chains is present in the nearest
neighbourhood of LUT⊥ molecule and
wll =wr = 0:325 + 0:871
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1−Sav
p
; ð13Þ
where wr represents the weakening of the interaction between two
species separated by LUT|| molecule, wr = 1 when no LUT|| molecule is
situated between the interacting species.
The bigger the decrease of the wll parameter, the higher the
tendency of the LUT⊥ molecules to form molecular aggregates. The
aggregates are in contact with the smaller number of neighbouring
acyl chains, as compared to the same amount of carotenoid in the form
of monomers. Therefore an aggregation is preferred as the process
leading to lowering of the energy of the system. Introduction of the
parameter wll, being the weakening factor, results in lowering of Tm
upon incorporation of LUT, which was observed in the experiment
reported in [38]. On the other hand, as we can conclude on the basis of
our simulations, the system of lipid molecules defends itself against
the LUT additives by extortion of LUT aggregation. In this way, the
effect of wll on the lowering of the Tm is partially reduced.
The increase in temperature lowers the value of Sav, and then the
factorwll is closer to 1, which reduces the inﬂuence of LUT⊥ on van der
Waals attraction between acyl chains (Eq. (12)). If the two acyl chains in
the lattice are separated by the LUT||, their interaction energy is smaller
than the interaction energy of the nearest neighbours (Eq. (13)).
The next contributions to the Hamiltonian, H3 and H4, correspond
to the energy of the interaction between polar parts of lipid or LUT⊥
molecules. LUT|| molecules occupy the empty spaces between lipid
heads, above the layer of acyl chains. Hence, LUT|| does not change the
surface area of the lipid monolayer.
H3 =P
XN
i = 1
X10;L8
a = 1
AaLai; ð14Þ
where Π is the intrinsic lateral pressure [60].
The interaction between the polar heads of the lipid molecules
have been evaluated, without consideration of the mutual orientation
of their electric dipole moments. Otherwise, the introduction of the
additional degrees of freedom is required [49].
The component H4 of the Hamiltonian reﬂects the preferences of
perpendicular or parallel LUTorientations with regard to the hydrogen
bond between the hydroxyl group of a LUT polar ring (head) and its
hydrophilic vicinity, i.e. the same group of neighbouring LUT head or
carbonyl group of a lipid head or a water dipole.
H4 = −
XN
i = 1
DELlLLi: ð15ÞThe index L denotes LUT molecules in both possible orientations.
The parameter ΔELl is temperature-dependent, through Sav (Eq. (16)).
DELl = J0 5:496−7:275 1−Savð Þ½ : ð16Þ
H4 implies the afﬁnity of the LUT head to the hydrophilic region of
the lipid membrane. We have assumed that the bonds between LUT
heads and the hydrophilic region of the lipid membrane are always
created and have the constant average energy. This energy has not
been included to the Hamiltonian because all membrane processes are
dependent on the energy change and not on its absolute value. A
positive value of ΔELl indicates that the energy of the bond between
LUT|| and neighbouring lipids or water is lower (the bond is stronger)
as compared to the bond energy in the case of LUT⊥. Negative ΔELl
means that LUT⊥ molecules are attached by the bond to the hydro-
philic region of the membrane stronger that LUT|| ones.
The component H5 of the Hamiltonian represents the energy of the
interaction between heads of neighbouring LUTmolecules at the same
orientation. As it was mentioned above, we have assumed that the
hydrogen bond between a LUT head and neighbouring LUT, lipid or
water molecule is always set up. H4, dependent on the LUT molecule
orientation, indicates the energy excess (as compared to the average
bond energy), whereas H5 distinguishes bound LUT molecules of the
same orientation.
H5 = −
1
2
XN
i;j = 1
wrDEL8L8LL8iLL8 j +DEL jjL jjLL jjiLL jj j
 
: ð17Þ
DEL8L8 and DEL jjL jj correspond to the energy gain due to creation of
the hydrogen bond coupling of two LUT molecules of the same orien-
tation. DEL8L8 is a component, apart from van der Waals attraction, of
the energy of the LUT⊥ dimer bonding. It was assumed in simulations
that the probability of creation of such a dimer is bigger when the
surrounding lipid matrix is more ordered, i.e. the dimer can be formed
when a randomnumber ξ∈ 〈0,1〉 is smaller or equal to the geometrical
average of cross section surface area ratio 〈A1/Aα〉av calculated for acyl
chains adjacent to dimer molecules in both monolayers.
The LUT|| dimer was assumed to be formed on the condition that
ξ ≥ 〈A1/Aα〉av. Such a condition indicates that the hydrogen bond
between LUT|| molecules is createdmore frequently in the less ordered
lipid matrix.
In the simulations DEL8L8 = 0:507J0 and DEL jj L jj = 0:580J0 were
used. Higher values of DEL8L8 and DEL jj L jj would force dimerization
of LUT⊥ and LUT||, respectively. When two LUT⊥ molecules are
separated only by one LUT||, the weakening coefﬁcient wr (Eq. (13))
reduces the energy of their interaction.
A Hamiltonian contribution denoted as H6 accounts for the inter-
actions between hydrophobic parts of lipids and LUT⊥ molecules:
H6 = −
XN
i;j = 1
X10;L8
a = 1
wlL8wrJ0VaSaLiaLjL8 ; ð18Þ
where
wlL8 = 2:658−1:765
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1−Sav
p
: ð19Þ
Due to the higher polarizability of the polyene skeleton of the LUT
molecule, as compared to the polarizability of an acyl chain, and
possibility of the chain to occupy the position parallel to the adjacent
LUT⊥molecule, the van der Waals attraction between the chain in the
all-trans state and the LUT⊥ molecule is assumed to be stronger than
that between two neighbouring acyl chains in that state. The
parameter wlL8 decreases (owing to the dependence on Sav) as
temperature (and water penetration) increases (Eq. (19)).
LUT molecules tend to aggregate because they attract one another
by van der Waals forces and are pushed out from the lipid matrix due
to weakening of attractive interactions between acyl chains. The
strong van der Waals attraction between LUT⊥ molecules and acyl
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ing the LUT aggregation.
The last component of the Hamiltonian, H7, represents the van der
Waals attraction of LUT molecules of both possible orientations:
H7 = −
1
2
XN
i; j = 1
J0 wL8L8wrLL8 iLL8j +wL jjL jjLL jj iLL jj j
h i
; ð20Þ
where
wL8L8 = 2:823−3:643
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1−Sav
p
; ð21Þ
wL jj L jj= 2:413−1:307
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1−Sav
p
: ð22Þ
The van der Waals attraction of the two adjoining LUT⊥molecules,
characterized by the parameter wL8L8 (summarized over both
monolayers), has the energy of 3.3J0 at low temperatures, which
decreases nearly to zero at high temperatures. Such a relatively weak
interaction, assumed in the model, in spite of the higher polarizability
of the LUT chromophore, as compared to the lipid acyl chain, leads to
the LUT aggregation level which reproduces well the experimental
observations. The reason for such a weak attraction can be explained
in terms of the variation of possible mutual orientation of two
adjacent LUT⊥ molecules, tilted within the hydrophobic core of the
membrane, which causes a decrease in strength of van der Waals
attraction [52]. The experimental data indicate that LUT⊥ chromo-
phore (in oriented membranes deposited to a glass support) is
oriented at 36° to the axis normal to the plane of the membrane. The
angles between the dipole moments of the two LUT⊥ molecules can
therefore range from 0 to about 72°.
At high temperatures, the van der Waals interactions between the
LUT⊥molecules decrease, as a result of possiblemembrane penetration
by water molecules. This phenomenon is represented in the model by
the function wL8L8 Savð Þ (Eq. (21)). The decay of LUT aggregates at high
temperatures was conﬁrmed by the spectroscopic studies of LUT
aggregation in ethanol/H2O solvent mixtures (not shown).Table 3
Factors affecting the main transition temperature of the lipid membrane and the process of
The main phase transition temperature Tm
Increase
wlL8 (Eq. (19))
The increase in the wlL8 results in stronger rigidifying effect of LUT⊥
on the acyl chains and prevents LUT⊥ aggregation.
LUT⊥ aggregation reduces the ﬂuidized area (next to the direct neighbourhood
of LUT⊥) more than the rigidiﬁed one (in the direct neighbourhood of LUT⊥).
Aggregation of LUT molecules
Enhancing factors
wll (Eqs. (9), (12), (13))
The decrease in wll effects in stronger aggregation of LUT,
forced by the lipid matrix.
DEL8L8 and DEL jj L jj (Eq. (17)),
wL8L8 ;wL jjL jj (Eqs. (20)–(24))
The increase in the parameters above introduces stronger attraction
between LUT molecules of the same orientation.
Temperature, T
High temperature enhances aggregation of LUT|| molecules,
but not LUT⊥.
The cluster structure of the membrane
Above the Tm, the gel clusters group LUT⊥ molecules together.The results of the ﬁtting of the parameters of the model to the
experimental data indicate the energy of the van derWaals interaction
between LUT|| molecules as high as 4Jo (Eq. (22)) at low temperatures
and its gradual decrease to 2.6Jo at high temperatures. Such an energy
decrease, at the high temperatures, can be the result of penetration of
the hydrophilic area of lipid heads by water molecules and also the
effect of the mismatch of the chromophores of interacting LUT||
molecules.
As was assumed in the model, LUT|| molecules attract each other
only if both of their polar heads are the nearest neighbours and their
axes are parallel (card-pack aggregate). Moreover, molecules of LUT ||
do not interact with lipid acyl chains and with LUT⊥ molecules. The
distance between centers of dipole moment vectors of LUT|| and LUT⊥
molecules with heads as nearest neighbours ranges, depending on the
LUT|| orientation, between two- and four-fold the size of the distance
of the centers of two adjacent molecules of LUT⊥. The interaction
energy is inversely proportional to the third power of the distance
[52]. That is why in the model the energies of the LUT ||-acyl chain and
LUT||–LUT⊥ van der Waals interactions were neglected.
The factors affecting the main transition temperature and the
process of aggregation of LUT have been summarized in Table 3.
3.3. Optional simulations
In order to improve reproducibility of the experimental results by
themodel applied and to check the sensitivity of themodel to changes
in the energy of the LUT||–LUT|| interactions, consisting of different
proportions between the hydrogen bond and the van der Waals
interactions, the following functions were tested:
DEL jj L jj = J0 2:180−6:357 1−Savð Þ3
h i
ð23Þ
and
wL jj L jj = 3:006−5:848
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1−Sav
p
: ð24Þ
Additionally, the simulation with 1100 empty nodes, instead of
1000, was performed in order to test the system's response to theLUT aggregation
Decrease
wll (Eqs. (9), (12), (13))
The decrease in wll (0bwllb1) weakens the van der Waals
interactions between the acyl chains; LUT aggregation is enhanced.
LUT⊥ aggregate decay
Preventing factors
wll (Eqs. (9), (12), (13))
The decrease in wll effects in separation of the dimer LUT⊥-rich areas
from the lipid matrix by LUT|| monomers, which prevents LUT|| aggregation.
wlL8 (Eq. (19))
The increase in wlL8 causes stronger attraction between LUT⊥ molecules
and neighbouring acyl chains. LUT⊥ surrounded by lipid shells cannot aggregate.
Ordering of the lipid matrix prevents creation of LUT|| aggregates.
Temperature, T
Low temperature decreases number of LUT|| molecules and prevents
their aggregation. T close to Tm prevents LUT|| aggregation (because many
dimer LUT⊥-rich areas are surrounded by LUT|| monomers).
The cluster structure of the membrane
Below the Tm, the ﬂuid clusters facilitate formation of the intertwined
LUT⊥-rich areas containing many LUT⊥ monomers.
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in the text.
3.4. Results of calculation
3.4.1. Images of microconﬁgurations of DPPC-LUT bilayer
Fig. 7 presents the images of DPPC monolayers: composed of pure
DPPC, and DPPCwith 5mol% LUTat 37 °C (below the Tm), 41.2 °C (close
to Tm) and at 45 °C (above the Tm).
The snapshots of microconﬁguration demonstrate a cluster
structure of the lipid membrane, especially at the temperatures
close to Tm. The term cluster denotes a group of neighbouring acyl
chains in a non-dominant state. The procedure used for the analysis of
microconﬁgurations considers the group of at least seven chains as a
cluster. At 37 °C, the small ﬂuid clusters in the areas of chains in the gelFig. 7. Snapshots of microconﬁgurations of the bilayer composed of pure DPPC (on the left)
presented. acyl chains in the ﬂuid state, ■ acyl chains in the gel state, LUT|| mole
indicated.state are noticeable (Fig. 7A). The majority of clusters stay in direct
contact with LUT aggregates. The question arises, whether LUT
molecules are distributed at the cluster borders which are known to
act as ‘sinks for impurities’ [60]. Fig. 7A indicates that LUT molecules
aggregate too strongly to be homogenously distributed at the borders
of the clusters. On the other hand, some LUT⊥ molecules of LUT⊥-rich
areas are located at the borders of the ﬂuid clusters. As seen from the
snapshots, LUT molecules have an afﬁnity to the gel areas of the
membrane (Fig. 7B, C), except of LUT|| dimers and bigger aggregates,
that can be found in the ﬂuid lipid neighbourhood (Fig. 7C). This
phenomenon can be explained as follows: whereas a single LUT||
molecule reduces the energy of interaction between the species
separated by this molecule by a few percent (depending on tem-
perature), the LUT|| aggregate completely abolishes the interaction
energy. Because the attraction of chains in the ﬂuid state is weakerand DPPC containing 5 mol% LUT (on the right). Only one monolayer of the bilayer is
cule, LUT⊥ molecules, hydrogen bond. The temperatures of the model system as
Fig. 8. The temperature dependence of the average acyl chain order parameter of the
pure DPPC membrane and the membrane containing 5 mol% LUT. The value of Tm was
evaluated as the point of the intersection of the Sav(T) dependence with the horizontal
line at the level of the average of the two order parameters at 5 °C and 77 °C, as
indicated.
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when LUT|| aggregates are located in ﬂuid areas.
As seen in Fig. 7A, at low temperatures LUT locates perpendicularly
more often than in parallel and associates into areas rich in pigment.
Dimers of LUT⊥, with hydrogen bonds between the polar groups are
observed. The two kinds of the LUT-rich areas occur. The ﬁrst one is
the group of LUT⊥ dimers surrounded by LUT|| monomers that, to
some extent, separate LUT⊥ from the gel lipid matrix. Such areas are
referred to as the dimer LUT⊥-rich areas. The other kind of LUT-rich
areas (referred to as the intertwined LUT⊥-rich areas) comprises
groups of LUT⊥monomers intertwined with acyl chains in low-energy
states. The LUT⊥monomers can interact with these chains through the
single vacancies, which is allowed in the model. In this way, in spite of
many vacancies present in the LUT⊥-rich areas, the system does not
lose the energy of strong interactions between LUT⊥ molecules and
acyl chains. On the other hand, existence of vacancies extends the
border (circumference) of areas occupied by the LUT⊥ molecules. In
the same way, vacancies placed in ﬂuid clusters would elongate their
borders. Because it is more proﬁtable to distribute acyl chains in all-
trans state interacting with one another than with the chains of
clusters in the ﬂuid state, only a few vacancies can be found in the ﬂuid
clusters (Fig. 7A). At low temperatures LUT|| molecules, in most cases,
are in contact with LUT⊥-rich areas separating them from the gel lipid
matrix. Three factors inﬂuencing such a distribution can be discussed.
Firstly, the system loses part of the energy of the strong van der Waals
interactions, due to separation of LUT⊥ and acyl chains by LUT||.
Secondly, these interactions, weakened by the factor wr (Eq. (13)), are
still present. Thirdly, LUT|| molecules reduce the number of acyl chains
in the area of weakened chain–chain interactions, in the neighbour-
hood of LUT⊥ (Eq. (12)). For almost all molecule behaviours and
distributions, the energy-proﬁtable and unproﬁtable factors can be
addressed, which is a problem suitable for the Monte Carlo method.
As can be seen, near the Tm (Fig. 7B) and at the temperatures above
(Fig. 7C), more molecules of LUT adapt a parallel orientation (LUT||),
but no aggregation of this fraction is observed. LUT|| molecules are in
most cases attached to LUT⊥-rich areas. Some LUT|| monomers remain
in the gel areas. The increase in temperature results in the signiﬁcant
reorientation of LUT⊥ molecules to the parallel orientation, accom-
panied with aggregation.
Fig. 7 presents also the distribution of vacancies in the model
membrane. As mentioned earlier, the number of empty lattice nodes
may inﬂuence the LUT organization. If the number of vacancies were
too small, the LUT molecules would not be able to change the
orientation from a perpendicular to parallel one. On the other hand,
too big a number of vacancies would disturb the membrane's
coherence. At the beginning of the simulation, the number of 1000
vacancies was arbitrary introduced, the same at all the temperatures.
To test the effect of such an approach on the results of the calculations,
the simulations with 1100 initially empty nodes at three tempera-
tures, at Tm as well as below and above, were additionally performed.
The resulting changes in percentages of different molecular forms of
LUT and in speciﬁc heat have been shown in Figs. 9–12. Generally, the
results obtained for both 1000 and 1100 vacancies are comparable,
except for a better accordance with the experimentally evaluated
number of LUT⊥ monomers at 25 °C in the latter case (Fig. 10B).
Accumulation of two vacancies located at the same positionwithin
bothmonolayers can result in formation of a small pore (which cannot
be seen in Fig. 7 showing only onemonolayer). At 45 °Cmore vacancies
group to form pores, but, as numerical analysis of microconﬁgurations
shows, the fraction of vacancies creating pores is smaller than 1% of the
total number of vacancies. Interestingly, almost all the pores are
distributed in the vicinity of LUT⊥molecules. Vacancies forming pores
can inﬂuence themembrane permeability, especially at high tempera-
tures. In our study, we discuss the LUT aggregation process and its
inﬂuence on the main phase transition of the model membrane. The
question of the permeability of the carotenoid-modiﬁedmembranes isof interest and importance and therefore it will be addressed in future
work.
Figs. 9–12 show the results of the simulation of the distribution of
LUT between different pools deﬁned by orientation and aggregation
status. The results of the simulations performed, with modiﬁed
energies of hydrogen bonds between LUT|| molecules (Eq. (23)), as
well as modiﬁed van der Waals interactions between the molecules
(Eq. (24)), performed at selected temperatures are additionally
presented. As can be seen, both of the approaches have led to
comparable results. This shows that the ﬁt of the model parameters,
based only on the experimental data on LUT aggregation and the
thermotropic behaviour of the LUT-pigmented membrane, is not
unambiguous. It is worth mentioning that the computer simulation
performed allowed us to indicate explicitly the factors enhancing and
preventing LUT aggregation.
3.4.2. The main phase transition
The main phase transition temperature (Tm) can be evaluated as
the midpoint temperature in a dependence Sav(T).
Sav =
1
N
XN
i = 1
X10
a = 1
SaLai; ð25Þ
where Sav is the average acyl chain order parameter. The value of Tm
was determined by the point of intersection of the dependence of Sav
on temperature (Fig. 8) with the line at the level of the average of the
order parameters for 5 °C and 77 °C. As seen from Fig. 8, the change in
the value of Tm caused by LUT addition is rather small. Such a weak
effect is consistent with the inﬂuence of xanthophylls on Tm at the
concentrations of up to 5 mol%, reported in the literature [38,62]. The
change in Tm is of the order of 1 °C or smaller. The values of Tm found
from the temperature dependence of Sav are 41.0 °C and 41.8 °C, for
pure and modiﬁed membrane respectively. Fig. 8 indicates that,
similarly to other carotenoid zeaxanthin, LUT slightly increases the
order parameter above the Tm but the model membrane is not sig-
niﬁcantly ﬂuidized by LUT below the Tm. On the other hand, the
parameter wll (Eq. (12)), describing the weakening effect of LUT⊥ on
lipid neighbourhood, is quite small and amounts approximately to 0.5
below the Tm, suggesting a strong ﬂuidizing effect of LUT⊥. Therefore
one can conclude that the model membrane defends itself against
ﬂuidizing very effectively, via reorganization of LUT. However, the
ﬂuidized areas, next to the direct rigidiﬁed neighbourhood of LUT⊥
(see Eqs. (12) and (19)), must exist at all temperatures. Owing to this,
the temperature dependency of speciﬁc heat is deformed and
Fig.10. The temperature dependence of the percentageofmonomeric LUTobtained from
the experiment and the simulation; A — LUT monomers of both orientations, B — LUT⊥
monomers and C — LUT|| monomers. Other symbols as in Fig. 9.
Fig. 9. The temperature dependence of the speciﬁc heat of the pure DPPCmembrane (A)
and the membrane containing 5 mol% LUT (B). ○ — main simulations, △ — simulation
with 1100 vacancies, □ — simulation with modiﬁed hydrogen bond and ✚ — with
modiﬁed van der Waals interaction between LUT|| molecules (see text for details). The
Gaussian–Lorentzian (G-L) deconvolution of the data obtained from calculations. The
initial set of 3 components composed of 0.5G+0.5 L has been applied. The components
obtained from ﬁtting were as follows: A — the component centered at 41.2 °C, FWHH —
4.5 °C; B— components centered at 38.0 °C, 41.4 °C and 45.3 °C with FWHH 8.7 °C, 4.6 °C
and 4.6 °C, respectively. Residuals are shown at the bottom of each panel.
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the speciﬁc heat can be expressed in terms of the ﬂuctuations of the
energy of the whole system as [60]:
C Tð Þ = 1
kBT
H2
 
av− Havð Þ2
h i
: ð26Þ
The broadening of the main phase transition peak is qualitatively
consistent with the data previously reported [38]. The authors of the
paper [38] concluded that the asymmetry of the phase transition peak,
observed experimentally, could be the result of aggregation of a
pigment or a membrane phase separation. To test the phase
separation concept we have performed the component analysis of
the temperature dependence of the speciﬁc heat calculated for the
pure DPPC (Fig. 9A) and the samples containing 5 mol% LUT (Fig. 9B).
As seen from Fig. 9B, LUT considerably affects the thermotropic
behaviour of the DPPC lipid membrane. In the case of a pure DPPC the
plot can be ﬁtted with a single Gaussian–Lorentzian component (1:1)
with the midpoint temperature Tm of 41.2 °C and the full width at half
height (FWHH) of 4.5 °C. The analysis of the speciﬁc heat of the
membrane containing LUT indicates the existence of three thermo-
tropic phases: one corresponding directly to pure membrane (Tm′ =41.4 °C) and two additional components representing the ﬂuidized
(Tml = 38.0 °C) as well as a rigidiﬁed (Tmh = 45.3 °C) phase. The analysis
of the contributions of the phases to the total phase transition energy
by comparing the surface areas representing each phase shows that
75% of the lipid molecules undergo the phase transition similarly to
the pure DPPC, while 14% at lower and 11% at higher temperatures.
The phase transition of a rigidiﬁed phase manifests bigger coopera-
tivity, as compared to the unchanged fraction, as indicated by the
FWHHof the phase transition components DT1/2 (DT1/2l = 8.7 °C,ΔT1/2m =
4.6 °C, ΔT1/2h = 4.6 °C). The cooperativity of the transition of the ﬂui-
dized phase is much smaller in comparison with the unchanged and
rigidiﬁed phases. On determining the cooperativity, on the basis of the
FWHH of C (T) peak, the number of molecules of a system should be
constant upon heating. It does not exactly take place for the pop-
ulations of rigidiﬁed, unchanged and ﬂuidized acyl chains. The sizes of
the populations are inﬂuenced by percentage of LUT⊥ as well as LUT||
monomers. The organization of LUT molecules depends on cluster
structure of a membrane. For instance, as shown in Fig. 10A, at tem-
peratures from just below Tmh up to several centigrade above Tmh the
number of LUT⊥monomers (and the number of rigidiﬁed chains in its
direct neighbourhood) signiﬁcantly increases, which must inﬂuence
the shape of C(T) curve. Therefore the values of Tml and Tmh, mentioned
above, as well as the values of ΔT1/2 have only qualitative implication.
Molecular organization of LUT forces the fragmentation of the
membrane to unaffected, rigidiﬁed and ﬂuidized phases, which
2116 W. Okulski et al. / Biochimica et Biophysica Acta 1778 (2008) 2105–2118implies that the size of cooperative unit and a domino effect do not
depend only on interactions between acyl chains.
3.4.3. Size and number of LUT aggregates in the lipid bilayer
Fig. 10 shows the temperature dependence of the number of LUT
monomers. As seen from Fig. 10A, the number of monomers increases
upon heating of the membrane. Such behaviour, called the process of
pigmentmonomerization, was previously observed in the case of LUT-
pigmented liposomes [17] as well as for the lutein dissolved in organic
solvents (not shown). In the temperature range between 25 and 55 °C,
the percentage of LUT monomers increases from about 40 to 70%. This
fact can be explained in terms of the increase in themembrane ﬂuidity
during heating.
The spectroscopic measurements, presented in this paper (see
Section 3.1), provided the information about the LUT distribution
between two pools: perpendicular and parallel to the plane of the
membrane. The results of simulations comprising the wider range of
temperatures show that although the general process of monomer-
isation is observed, it occurs diversely for different pools of LUT. The
local extremes are observed (minimum in the case of LUT⊥ and
maximum for LUT ||) which can indicate a different response of the
different lutein pools to the process of ﬂuidization of the membrane.
The increase in the number of the LUT|| molecules indicates that LUT
changes the position from the perpendicular to parallel at the
temperatures slightly above the Tm.Fig. 11. The temperature dependence of the percentage of aggregated LUT (comprising
dimers, trimers andbigger aggregates) obtained from the experiment and the simulation;
A — LUT aggregates of both orientations, B — LUT⊥ aggregates and C — LUT|| aggregates.
Other symbols as in Fig. 9.As seen from the results of the experiments as well as from the
model studies, LUT aggregates tend to decay upon heating (Fig. 11).
The term LUT aggregates implies dimers, trimers and structures com-
posed of higher number of molecules. As the number of monomers
increases the number of the aggregates decreases. Interestingly, the
response of the particular LUT pools forming molecular aggregates is
different from the behaviour of LUT monomers. In this case no local
extreme is observed near the Tm.
The microscopic explanation of such behaviour, based on the
simulations, can be as described below.When the energy of the system
increases, the acyl chains adapt the higher energy conformations and
the van der Waals interactions between the LUT⊥ molecules weaken
(the effect of the decrease of Sav, Eq. (21)). In consequence, the LUT⊥
aggregates decay,which results in an increase inmiscibility of the LUT⊥
molecules and lipid acyl chains. The van der Waals interactions
between the chains and LUT⊥ molecules decrease the energy of the
system. On the other hand, the energy increases due to the increase in
the area of relatively weak chain–chain interactions (the area next to
the direct neighbourhood of the LUT⊥ molecules). The net result is,
however, the LUT⊥ disaggregation. In the case of LUT|| (as seen in
Fig. 7A) below the Tm, all the LUT|| molecules are in the close vicinity of
LUT⊥-rich areas. The LUT|| surround the LUT⊥-rich areas and do not
form aggregates. Just below the Tmh, the reduced afﬁnity of LUT⊥ to
acyl chains (Eq. (19)) causes that LUT⊥ molecules lose lipid shells
(constituting the rigidiﬁed phase) and some of LUT⊥ molecules,
especially from the intertwined LUT⊥-rich areas, change orientation
to the parallel one. This change is more difﬁcult due to the decrease in
the afﬁnity of LUT|| heads to polar zones of themembrane (see Eq. (16)).
On the other hand, this change is promoted by the reduced attenuation
of interactions between species separated by LUT|| molecules (see
Eq. (13)). As seen in Fig. 11C, the percentage of LUT|| aggregates
increases by about 20%, having the midpoint close to the Tmh. This
suggests that the crucial factor inﬂuencing LUT|| aggregation is the
melting of the rigidiﬁed fraction of the lipid matrix. As a result, the
signiﬁcant local maximum in LUT|| monomers and rather slight
minimum in LUT⊥ monomers are observed (Fig. 10B and C). As can
be noticed from Fig. 10C, the stronger the hydrogen bonds (Eq. (23)) or
the more intense the van der Waals interactions between the LUT||
molecules (Eq. (24)), the more ﬂattened is the maximum in LUT||
monomers and correspondence to the experimental results is better.
We did not decide to perform simulations over the whole range of
temperatures with the modiﬁed interactions keeping in mind that the
ﬁt of themodel parameters cannot be unambiguous and that ourmain
purpose was to indicate factors inﬂuencing the LUT aggregation.
Our exploration of the parameters of intermolecular interactions
showed that other scenarios of the main phase transition that we
present in this paper may not be excluded. On the other hand, the
evaluation of the model based on spectroscopic examination at the
temperatures in the Tm region meets several experimental difﬁculties
(see below). On the basis of accessible experimental data as well as on
simulations one can only conclude that thermotropic behaviour of the
both form of LUT is quite different. LUT⊥ pool is more susceptible to
the phase transition, as compared to LUT||. LUT⊥ molecules are bound
much stronger to acyl chains undergoing the transition than LUT||
molecules distributed in the hydrophilic region of the membrane.
The very valuable information given by the model studies, not
possible to be obtained straightforward from the experiment, is
the formation of other molecular forms of LUT, such as dimers. The
percentage of LUT dimers decreases from approximately 14% at 25 °C
down to 4% at 57 °C (Fig. 12). The temperature dependence of the
percentage of LUT|| dimers is quite different from the analogous
dependence for LUT⊥. Dimers of LUT|| practically do not exist below
Tmh. Near this temperature, when LUT⊥ loses the shells composed of
rigidiﬁed lipid chains, and changes the orientation to the parallel one,
the percentage of LUT|| dimers increases only slightly, because in the
same range of temperatures LUT|| intensively aggregates (Fig. 11). The
Fig. 12. The temperature dependence of the number of LUT dimers obtained from the
simulation; A— LUT dimers of both orientations, B— LUT ⊥ dimers and C— LUT|| dimers.
Other symbols as in Fig. 9.
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der Waals LUT||–LUT|| interactions).
The decrease in the LUT⊥ dimer percentage, as the temperature
increases, results from the interactions between the LUT⊥ molecules.
Despite the fact that the energy characterizing the hydrogen bond that
couples the LUT⊥ molecules into a dimer (DEL8L8 ), is assumed to be
constant, the bond is created less frequently in the less ordered lipid
matrix. Moreover, van der Waals interactions described by Eq. (22)
weaken at higher temperatures.
Whereas the temperature dependencies of monomers and aggre-
gates clearly reveal the phase transition character, the dimers seem to
be much less sensitive to the transition. Many factors are responsible
for the process of dimerization. Most of LUT aggregates are composed
of dimers. Upon heating, the LUT⊥ aggregates decompose to LUT⊥
dimers. A fraction of dimers converts into the pool of LUT|| monomers
that occupy the LUT⊥ aggregate borders. When the conditions en-
hancing LUT|| aggregation start to dominate, the LUT|| molecules group
into larger aggregates composed of LUT|| dimers stabilized byhydrogen
bonds. Such component structures are not recognized as dimers by the
procedure applied, because they are not separated from the neigh-
bouring LUT|| molecules.
Summarizing the information about aggregation of LUT, at low
temperatures about 65% of LUT molecules form aggregates (in this
pool 14% appear as dimers), the majority of them in perpendicular
orientation. At high temperatures, 30% of LUT molecules remain in an
aggregated form (including 4% of LUT⊥ in the form of dimers), mostly
in parallel orientation.
The cell membranes usually exist in the ﬂuid state, above the main
phase transition, under the physiological conditions. LUT monomers,
having a relatively big surface area of indirect contact with the adja-
cent lipid matrix, serve mainly as antioxidants while LUT aggregatescan form ﬁlters of the short-wavelength radiation. Our simulations
show (see Fig. 7C) that the LUT⊥ aggregates are combined in most
cases with the LUT|| monomers. Owing to such a molecular
organization of LUT, the membrane possesses the regions that can
be simultaneously protected against harmful short-wavelength
radiation and oxidative damage (see also [65]).
Above the Tm, more than 50% of LUTexist in the orientation parallel
to themembrane surface.We propose the physiological signiﬁcance of
increasing domination of parallel orientation, observed at high
temperatures. Oxidation of an acyl chain leads to a decrease in its
hydrophobic character and can cause the change in its conformationby
bending of oxidized part toward the membrane's surface. Such a
conformation requiresmore space andwould result in a local decrease
in the lateral pressure. Because a thermally-induced chain melting
transition formally resembles the pressure-induced one (see e.g. [60]),
the decrease inpressure, like the increase in temperature,would extort
parallel orientation of LUT molecules. LUT|| appearing in vicinities of
oxidized acyl chains can protect the membrane against penetration by
water molecules and against loss of the membrane compactness.
The parameters of interactions between molecules in the mem-
brane were ﬁtted to the experimental data on the level of LUT
aggregation. Nevertheless, the changes in different molecular forms of
LUT near the Tm are not strictly conﬁrmed experimentally. The reason
was as follows. According to Langner and Hui [63], the molecular
packing defects in the bilayer in the region of themainphase transition
canbe observed. Thedomains of lipids in the gel phase and in the liquid
crystalline phase are known to coexist in this temperature region. The
authors of [63] proposed that those molecular packing defects can
mediate rapid transbilayer lipid diffusion. This state of a membrane is
characterized by highly ﬂexible fatty acyl chains and a lower lipid
packing density. Additionally, the thickness of the hydrophobic core of
the bilayer is reduced [64]. The authors of [64] showed that any
substance spanning the membrane admixed to the lipid can induce
formation of lipid domainswhich exhibit typical properties of the lipid
phase at the phase transition, or the additive itself can cause packing
defects at the lipid-additive interface. Our measurements of the orien-
tation of LUT molecules at the temperatures close to the main phase
transition brought about large data scattering and uncertainties, prob-
ably due to enhanced lipid movement under this condition. Therefore,
we decided to perform simulation studies in order to elucidate mole-
cular organization of LUT within the lipid phase in the temperature
range close to Tm.
4. Conclusions
Application of the Monte Carlo analysis of the model lipid mem-
brane modiﬁed with LUT with parameters of intermolecular interac-
tion calibrated according to the available experimental data allowed
getting new and detailed information on the system. In particular: 1—
the fractions of different molecular forms of LUT, such as monomers,
dimers and bulk aggregates, have been evaluated; 2 — the increase in
the number of LUT molecules localized in the plane of the membrane,
at the temperatures above the main phase transition, was found; 3 —
such an orientation can be particularly important in terms of protec-
tion of themembrane against the attack of the reactive oxygen species
from the water phase and in terms of ﬁltering of the potentially
harmful short-wavelength radiation.
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